Dry and Wet Deposition Characteristics and Anthropogenic Sources of Atmospheric Mercury in Xiamen by 陈强
学校编码：10384                                           密级       









硕 士 学 位 论 文 
   
 
厦门市大气汞干湿沉降及汞污染源的探究 
Dry and Wet Deposition Characteristics and Anthropogenic 






指导教师姓名：罗津晶  副教授 
专 业 名 称 ：环  境  工  程 
论文提交日期：2 0 1 6 年 0 5 月 































声明人（签名）：             






















（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






声明人（签名）：             

















摘要 .............................................................................................................................. I 
Abstract ...................................................................................................................... III 
第 1 章 绪论 .............................................................................................................. 1 
1.1 汞的理化性质及生物毒性.............................................................................. 1 
1.1.1 汞的物理化学行为................................................................................ 1 
1.1.2 汞的生物毒性........................................................................................ 1 
1.2 大气汞的形态及迁移转化.............................................................................. 2 
1.2.1 大气汞形态分类.................................................................................... 2 
1.2.2 大气汞的迁移转化................................................................................ 3 
1.3 大气汞的来源.................................................................................................. 4 
1.3.1 自然源.................................................................................................... 4 
1.3.2 人为源.................................................................................................... 4 
1.3.3 再释放.................................................................................................... 5 
1.4 研究现状.......................................................................................................... 6 
1.4.1 大气汞的时空分布................................................................................ 6 
1.4.2 大气汞干沉降...................................................................................... 11 
1.4.3 雨水中不同形态汞的分布.................................................................. 11 
1.5 研究内容和技术路线.................................................................................... 13 
1.5.1 研究意义与内容.................................................................................. 13 
1.5.2 技术路线.............................................................................................. 14 
第 2 章 材料与方法 .............................................................................................. 15 
2.1 布点情况........................................................................................................ 15 
2.1.1 研究区域概况...................................................................................... 15 
2.1.2 采样点设置.......................................................................................... 15 
2.2 大气汞常规采样及分析................................................................................ 16 















2.2.2 样品采集.............................................................................................. 18 
2.2.3 样品分析.............................................................................................. 18 
2.2.4 质量控制.............................................................................................. 22 
2.3 颗粒物态汞的分级采样及分析.................................................................... 22 
2.3.1 采样点分布.......................................................................................... 22 
2.3.2 仪器及耗材.......................................................................................... 22 
2.3.3 颗粒物分级采样.................................................................................. 23 
2.3.4 分级颗粒态汞的分析.......................................................................... 23 
2.3.5 数据处理.............................................................................................. 23 
2.4 雨水中不同形态汞的采样及分析................................................................ 23 
2.4.1 采样点分布.......................................................................................... 23 
2.4.2 仪器及试剂.......................................................................................... 23 
2.4.3 雨水样品的采集与消解保存.............................................................. 25 
2.4.4 雨水汞样品的分析.............................................................................. 25 
2.5 大气 TPM 的干沉降 ..................................................................................... 28 
2.5.1 采样点分布.......................................................................................... 28 
2.5.2 样品采样及检测.................................................................................. 28 
2.5.3 数据计算.............................................................................................. 28 
2.6 本章小结........................................................................................................ 28 
第 3 章 厦门市大气中不同形态汞的时空分布及汞污染源的研究 ..... 28 
3.1 大气汞浓度的总体概况................................................................................ 29 
3.2 大气汞浓度月变化趋势................................................................................ 33 
3.2.1 TGM 浓度月变化趋势 ......................................................................... 34 
3.2.2 TPM 浓度月变化趋势 ......................................................................... 36 
3.3 大气汞浓度的季节变化趋势........................................................................ 38 
3.3.1 季风对于大气汞季节分布的影响...................................................... 42 
3.3.2 海陆风对于大气汞季节分布的影响.................................................. 43 
3.3.3 其他气象因子对于大气汞季节分布的影响...................................... 44 















3.4.1 气象参数.............................................................................................. 45 
3.4.2 大气污染物.......................................................................................... 49 
3.4.3 主成分分析.......................................................................................... 50 
3.5 HYSPLIT 后推轨迹分析 ............................................................................... 52 
3.5.1 TGM 异常浓度时气团后推轨迹分析 ................................................. 52 
3.5.2 高 TGM 浓度和低 TGM 浓度组气团后推轨迹分析 ........................ 53 
3.6 不同粒径颗粒物中汞分布特征.................................................................... 56 
3.7 基于排放因子法核算厦门人为汞排放量.................................................... 57 
3.8 本章小结........................................................................................................ 62 
第 4 章 厦门市大气汞干湿沉降....................................................................... 64 
4.1 大气汞湿沉降................................................................................................ 64 
4.1.1 雨水中不同形态汞浓度的总体情况.................................................. 64 
4.1.2 雨水中不同形态汞浓度的季节变化趋势.......................................... 65 
4.1.3 大气汞湿沉降通量估算...................................................................... 67 
4.2 大气汞干沉降................................................................................................ 68 
4.3 本章小结........................................................................................................ 69 
第 5 章 结论和展望 .............................................................................................. 71 
5.1 全文总结........................................................................................................ 71 
5.2 本文的不足之处............................................................................................ 72 
5.3 改进与展望.................................................................................................... 72 
附录 ............................................................................................................................ 74 
参考文献 ................................................................................................................. 746 
研究生期间发表成果 ............................................................................................ 82 


















Abstract (in Chinese) ................................................................................................ I 
Abstract (in English) .............................................................................................. III 
CHAPTER 1 INTRODUCTION .......................................................................... 1 
1.1 Physical and chemical properties and biological toxicity of mercury .............. 1 
1.1.1 Physical and chemical properties ............................................................ 1 
1.1.2 Biological toxicity ................................................................................... 1 
1.2 Species, transport and transformation of atmospheric mercury ........................ 2 
1.2.1 Atmospheric mercury species ................................................................. 2 
1.2.2 Transport and transformation of atmospheric mercury ........................... 3 
1.3 Sources of atmospheric mercury ....................................................................... 4 
1.3.1 Natural sources ........................................................................................ 4 
1.3.2 Anthropogenic sources ............................................................................ 4 
1.3.3 Re-emissions ........................................................................................... 5 
1.4 Research at home and abroad ........................................................................... 6 
1.4.1 Temporal and spatial distributions of atmospheric merucy .................... 6 
1.4.2 Dry deposition of atmospheric merucry ............................................... 11 
1.4.3 Temporal and spatial distributions of merucy in precipitation .............. 11 
1.5 Research purposes, contents and technical route ............................................ 13 
1.5.1 Research purposes and contents ............................................................ 13 
1.5.2 Research technical route ....................................................................... 14 
CHAPTER 2 MATERIALS AND METHODS ............................................... 15 
2.1 Sampling site ................................................................................................... 15 
2.1.1 Regional situation ................................................................................. 15 
2.1.2 Sampling site ......................................................................................... 15 
2.2 Sampling and analysis of atmospheric TGM and TPM .................................. 16 















2.2.2 Sampling ............................................................................................... 18 
2.2.3 Detecting ............................................................................................... 18 
2.2.4 Quality control ...................................................................................... 22 
2.3 Sampling and analysis of size-fractionated particulate mercury .................... 22 
2.3.1 Sampling position ................................................................................. 22 
2.3.2 Instruments and regents ........................................................................ 22 
2.3.3 Sampling ............................................................................................... 23 
2.3.4 Detecting ............................................................................................... 23 
2.3.5 Calculation ............................................................................................ 23 
2.4 Sampling and analysis of mercury in rain ....................................................... 23 
2.4.1 Sampling position ................................................................................. 23 
2.4.2 Instruments and regents ........................................................................ 23 
2.4.3 Sampling and preservation .................................................................... 25 
2.4.4 Detecting ............................................................................................... 25 
2.5 Dry deposition of atmospheric TPM ............................................................... 28 
2.5.1 Sampling position ................................................................................. 28 
2.5.2 Sampling and detecting ......................................................................... 28 
2.5.3 Calculation ............................................................................................ 28 
2.6 Conclusion ...................................................................................................... 28 
CHAPTER 3 SPATIAL-TEMPORAL DISTRIBUTION AND SOURCES 
OF ATMOSPHERIC MERCURY IN XIAMEN............................................. 28 
3.1 General situations of atmospheric merucry .................................................... 29 
3.2 Monthly variation of atmospheric merucry  .................................................. 33 
3.2.1 Monthly variation of TGM ................................................................... 34 
3.2.2 Monthly variation of TPM .................................................................... 36 
3.3 Seasonal variation of atmospheric merucry .................................................... 38 
3.3.1 Effect of monsoon ................................................................................. 42 
3.3.2 Effect of sea-land breeze ....................................................................... 43 















3.4 Correlation and principal component analysis ................................................ 45 
3.4.1 Correlation of atmospheric mercury and meteorologic parameters ...... 45 
3.4.2 Correlation of atmospheric mercury and criteria air pollutants ............ 49 
3.4.3 Principal component analysis ............................................................... 50 
3.5 HYSPLIT backward trajectory model analysis .............................................. 52 
3.5.1 Backward trajectories for events of abnormal TGM concentration ...... 52 
3.5.2 Backward trajectories for the sets of high and low TGM concentrations
........................................................................................................................ 53 
3.6 Characteristcs of size-fractionated particulate mercury .................................. 56 
3.7 Anthropogenic atmospheric mercury emissions inventory in Xiamen ........... 57 
3.8 Conclusions ..................................................................................................... 62 
CHAPTER 4 DRY AND WET DEPOSITION OF ATMOSHERIC 
MERCURY IN XIAMEN ..................................................................................... 64 
4.1 Wet deposition of atmospheric mercury ......................................................... 64 
4.1.1 General situations of mercury species in rain ....................................... 64 
4.1.2 Monthly variation of merucry species in rain ....................................... 65 
4.1.3 Wet deposition flux of atmospheric mercury ........................................ 67 
4.2 Dry deposition of atmospheric mercury ......................................................... 68 
4.3 Conclusions ..................................................................................................... 69 
CHAPTER 5 SUMMARY AND SUGGESTION .......................................... 71 
5.1 General conclusions ........................................................................................ 71 
5.2 Disadvantages of this research ........................................................................ 72 
5.3 Improvement and suggestions......................................................................... 72 
APPENDICES ......................................................................................................... 74 
REFERENCES ...................................................................................................... 746 
Published paper ........................................................................................................ 82 



















化特性，颗粒态总汞 TPM(Total particulate mercury)沉降速率高，能在排放源附近




本研究基于实验室前期的研究成果，于 2014 年 8 月至 2016 年 2 月在厦门大学思






景浓度的 1.8-2.4 倍；而两个监测点的 TPM 浓度分别为 168.50±90.83 pg/m3 和

































能是厦门大气 TGM 的主要输入源。 
基于排放因子法及相关的统计数据，核算厦门市人为汞排放源。研究表明，
2014 年厦门市人为汞排放为 655.59 kg，主要来自于燃煤、垃圾焚烧和节能灯制
造，其贡献率分别为 60.67%、19.15%和 17.20%。从 2009 年至 2014 年，厦门市
人为汞排放整体呈现上升趋势，汞排放量取决于经济发展情况及厦门市垃圾焚烧
电厂的扩建运行。2015 年以来，随着燃煤消耗量的大幅降低，厦门市大气 TGM
和 TPM 浓度比 2014 年分别下降 29.0%和 22.2%。 
对大气汞干湿沉降的实地监测有利于进一步理解其沉降特性。2014 年 5 月
至 2015 年 11 月期间，S2 点降水中总汞 THg(Total mercury)浓度为 28.14±15.92 
ng/L，溶解汞 DHg(Dissolved mercury)浓度为 20.91±14.45 ng/L，全年大气汞湿沉
降通量为 38.44 μg/m2。从 2015 年 4 月至 2016 年 2 月，S1 和 S2 点 TPM 沉降速
率分别为 1.24 cm/s 和 1.27 cm/s，由此推断厦门市全年大气 TPM 干沉降通量为




















Atmospheric mercury is a toxic pollutant concerned by human’s health. Different 
speciated merucry behave quiet differently, total particulate mercury(TPM) has high 
deposition velocity, it can deposit around emission sources by wet and dry deposition 
and cause regional environmental pollution. Total gaseous mercury(TGM) can 
transport globally and stay in the atmosphere with a residence time of 0.5-2.0 years, 
which is considered as the most important form of mercury causing serious pollution 
problem worldwide. Recently, lots of mercury monitoring networks have been 
established in Europe and North Ameica. Although some field measurements of 
atmospheric mercury were conducted in China, few of them were long duration. 
Based on the previous study of our laboratory, this investigation was conducted to 
monitor TGM and TPM from August 2014 to February 2016, at Siming and Xiangan 
campus, Xiamen University. In order to further understand the special and temporal 
distribution and possible sources of amtospheric mercury, HYSPLIT model and 
ArcGIS software were used to trace air masses, and it also compiled mercury 
emission inventory with emission factors and official statistical data. 
The conclusions are as follows: 
During the study period, average TGM concentrations were 3.58±1.30 ng/m3 and 
3.14±1.29 ng/m3 in S1 and S2, respectively. Although the TGM concentration level 
was lower than those in some typical industrial and mining cities in China, it was 
approximately 1.8-2.4 times of that in the North Hemisphere background regions. 
Moreever, the average TPM concentrations were 168.50±90.83 pg/m3 and 
211.52±115.35 pg/m3 in S1 and S2 respectively, which were more than 2 times of that 
observed in the global background.  
The atmospheric mercury showed significant monthly and seasonal distribution 
patterns, with lower concentrations observed in warm months and higher in cold 
months, lower in sumer and autumn and high in winter and spring. The monsoon 
weather played a critical role in monthly and seasonal trends. When major prevailing 
















sharply due to the air masses contained high content mercury. While, the air pollutants 
could be better dispersed by the clear air masses from the southeastern open ocean. 
Furthermore, sea-land breeze was the other important factor, the concentration of 
atmospheric mercury(especially TPM) was easily gathered and increased during the 
conversion between sea and land breeze. The results also showed that precipitation, 
sunshine duration and dispersion condition contributed to variation of atmospheric 
mercury concentration in different seasons. 
This study conducted the correlation analysis and principal component 
analysis(PCA) between amtospheic mercury and meteorological parameters and/or 
criteria air pollutant concentrations. The concentration of atmospheric mercury 
correlated positively with SO2, NO2, CO, PM10 and PM2.5, which indicated that fossil 
fuel combustion was the most important anthropogenic source of atmospheric 
mercury in Xiamen. Furthermore, the PCA result indicated the coal combustion 
contributed mostly to TGM and TPM pollution in each season, and photochemical 
processing and vehicle exhaust were potential sources. 
The HYSPLIT backward trajectory model and ArcGIS software were 
conducted to trace transportation routes of air masses at Xiamen. TGM data were 
clustered into two categories: (1) high concentration set with values ranked top 15% 
of all data, and (2) low concentration set with values ranked last 15%. And the 
analysis demontrated that more than 80% of the air masses trajectories originated 
from inland China or went through Yangtze River Delta(YRD) region when high 
concentration set occurred. However, more than 56% of air masses come from open 
ocean when low concentration set occurred. It suggested that North China and YRD 
region may be the important mercury source areas for Xiamen. 
The mercury emission statistics in Xiamen was estimated by using emission 
factors and official statistical data. It suggested that mercury emssion from 
anthropogenic sources was up to 655.59 kg for 2014, and the coal combustion, 
solid-waste incineration and lamp product accounted for 60.67%, 19.15% and 17.20% 
of the total. The mercury emitted from anthropogenic sources increased gradually 
















condition and the new waste incinerators. Howover, due to the decreasing coal 
consumption, the atmosphric TGM and TPM concentrations fell 29.0% and 22.2% in 
2015 compared to those in 2014, respectively. 
Field measurement of speciated mercury in precipitation and dry deposition of 
TPM were conducted to better understand the characteristics of mercury deposition. 
This study showed that total mercury(THg) concentration was 28.14±15.92 ng/L, and 
the dissolved mercury(DHg) concentration was 20.91±14.45 ng/L in precipitation, 
from May 2014 to November 2015. Wet deposition of mercury in S2 was estimated to 
be 38.44 μg/m2. From April 2014 to February 2015, the TPM dry depositon velocities 
were 1.24 cm/s and 1.27 cm/s, and it was believed that the range of dry depositon flux 
from 53.14 to 66.70 μg/(m2·a) in Xiamen. 
 
Key words: Xiamen; Atmospheric mercury; Temporal and special distribution; 



























汞的元素序数 80，处于元素周期表中的第 6 周期、第 IIB 族，它的熔点及沸
点分别是-38.9 ℃和 356.9 ℃，相对原子质量为 200.59。在常温常压下汞是唯一
一种呈现液态的金属元素，并具有银白色光泽。 
在大气环境中，汞主要以 Hg0、Hg+和 Hg2+三种价态形式存在[1]。由于汞的
电子构型是[Xe]4f145d106S2，容易失去最外层轨道 6S2 中的电子，形成+2 价态，









































或 GEM，elemental gaseous mercury)、活性气态汞(Hg2+或者 RGM，reactive gaseous 
mercury)和颗粒态汞(Hg(p)或 TPM，total particulate mercury)[7-10]，其中气态元素
汞 Hg0 和活性气态汞 Hg2+统称为气态总汞(TGM，total gaseous mercury)，气态总
汞 TGM 和颗粒态汞 TPM 统称为总大气汞(TAM，total atmospheric mercury)。 
Hg0 是大气中最主要的汞形态，约占大气 TAM 的 90%以上[1, 11]。Hg0 水溶性
极低，不会因湿沉降而被去除，在对流层中的停留时间长达 0.5-2.0 年[8; 10]。因
此，Hg0 可经由大气长程传输参与全球汞循环，是一种被公认的全球性大气污染
物。 
Hg2+是由气相或液相中的 Hg0 被 O3、·OH 等氧化剂氧化形成的，在实验操
作上被定义为能吸附在镀 KCl 扩散管上的汞[9, 10]。虽然 Hg2+只占 TGM 的 1-3%[8, 




TPM 是吸附在大气颗粒物及海洋气溶胶上的元素汞 Hg0、活性气态汞 Hg2+
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